Much importance is given to determining the input data for water distribution system networks, particularly with regard to urban networks, because the design and the management of WDS are based on a verification model. Good calibration of models is required to obtain realistic results. This is possible by the use of a certain number of measurements: flow in pipes and pressure in nodes. The purpose of this paper is to analyze a new model able to provide guidance on the choice of measurement points to obtain the site data. All analyses are carried out firstly on literature networks and then on a real network using a new approach based on sensitivity matrices.
Introduction
For the management of WDS is important that the results obtained by the models used for the analyses reflect reality and this is possible by calibration. In the calibration procedures the roughness is calculated using pressure in nodes and flow in pipes as the input parameters. Three different types of approaches to calibration are mentioned in literature: 1) heuristic models, 2) explicit models and 3) implicit models. In heuristic or trial-and-error models [1] [2] , unknown parameters are updated at each iteration using heads and flows obtained by solving the set of mass balance and energy equations. Explicit models [3] are based on solving an extended set of mass balance and energy equations; initial equation and other equations are derived from the available head and flow measurements. In the last few years, a particular attention has been devoted to implicit models, which take into account the measured data by using optimization coupled with a hydraulic solver. Different models and applications of the implicit calibration method were reported by [4] [19] . Kapelan et al. [20] and Veltri et al. [21] proposed further models based on a probabilistic approach by considering the parameters to be estimated as random variables.
To proceed with calibration, a certain number of measurements of pressure at nodes and flow along pipes is always required. These have to be obtained on site and under various operating conditions to provide the most information needed for the calibration model [22] . To do this it is necessary to identify the optimal points where measurements are more sensitive to the variation of roughness and/or flow, so an optimal Sampling Design (SD) is required. The sampling design is used to determine: 1) the magnitude to observe (pressure or flow); 2) when to observe it; 3) where to observe it and 4) under what conditions [23] . Some authors proposed different types of SD, which can be classified under three different categories: D-optimality criteria, A-optimality criteria and V-optimality criteria.
The D-optimality and A-optimality criteria are based on the analysis of the Jacobian matrix: particularly the Aoptimality, which minimizes the average parameter variance by minimizing the inverse matrix, whereas D-optimality maximizes the determinant of the same matrix. According to D-optimality criteria, first [5] and then [24] proposed three different sampling design models: 1) Max-Sum; 2) Min-Max and 3) Weighted-Sum. The last type of criterion, V-optimal, is concerned with prediction uncertainty: first [25] and then [26] [23] [27] used genetic algorithms (GA) single or multi-objective, to solve the SD problem.
In this paper, a new D-optimality based method is proposed to solve the problem of Sampling Design. The choice of measurement points for roughness or demand calibration, according to different operating conditions of the system at a relatively low computational cost, is the first step in order to obtain accurate results.
Sensitivity matrices and methodology
In particular, each element of the matrix represents the variation in pressure, head or flow rate, versus the variation of the demand, Qi, supplied to the i-th node or the roughness coefficient, j, of the j-th pipe.
Each element of the sensitivity matrix for pressure Pi, at nodes and flow rates, qj, in pipes is as follows: j i j,i j, j j j q p p q ε ε and (1) for roughness coefficient variation matrix and j i j,i j, j i i q p p q Q Q and (2) for demand rate variation matrix, where and are respectively the variation of the load in the i-th node and the variation of the flow circulating in the j-th pipe when varying the coefficient of the j-th pipeline; and pi,i and qi,j are respectively the variation of the load in the i-th node and the variation of the flow circulating in the j-th pipe when varying the base demand at the i-th node. Therefore, if n and l are respectively the number of network nodes and that of pipes, two matrices can be derived for each case, Sp, , Sp,Q and Sq, , Sq,Q and Sq,Q, that will have the form:
and
having respectively size (n x l) and (l x l) in the roughness coefficients variation and (n x n) and (l x n) in the base demand variation. The matrices can be obtained in discrete terms (3) and (4), so each element of the roughness coefficient variation is obtained as follows:
where akj is the discrete element of the load matrix, pkj is the value of load at the j-th node after the variation, pj is the value of load at the j-th node used as prior and Δεk is the amount of variation of the roughness coefficient;
where bkj is the discrete element of the flow matrix, qkj is the value of the flow at the j-th pipe after the variation, qj is the value of flow at the j-th pipe used as prior and Δεk is again the amount of variation of the roughness coefficient.
Similarly, the discrete elements (5) and (6) of the demand variation matrices are as follows:
where akj is the discrete element of the load matrix, Hkj is the value of load at the j-th node after the variation, Hj is the value of load at the j-th node used as prior and ΔQ'k is the amount of variation of base demand at the k-th node;
where bkj is the discrete element of the flow matrix, qkj is the value of the flow at the j-th pipe after the variation, qj is the value of flow at the j-th pipe used as prior and ΔQ'k is the amount of variation of base demand at the k-th node. Each element of the matrices is subjected to uncertainties due to initial conditions assumed for roughness of pipes and demand at nodes; uncertainty is a consequence of the type of simulation analysis, when using both Demand Driven Analysis (DDA) or Pressure Driven Analysis (PDA).
Evaluation of results
Each element of matrices indicates the variation of pressure or flow in each node or pipe, respectively, under a variation of roughness in pipes or demand at nodes. Each row of the matrices represents the variation of pressure or flow for the i-th node or j-th pipe versus the variation of roughness in pipes or demand at nodes respectively. So as for the Max-Sum Model, in the method here proposed the more sensitive nodes and pipes are those with the highest sum per line, rSp and rSq respectively. In addition, the proposed method allows an analysis for columns that define nodes and pipes that affect the hydraulic behavior of the WDS by the highest sum per column, cSp and cSq. This is possible because each element of a column defines the variation of the pressure in the node or of the flow in the pipe versus a variation of demand at the same node or roughness in the same pipe.
Literature case studies
As already pointed out the objective of this study is to propose a new method to determine the most sensitive pipes and nodes in a water distribution network and where to make measurements, to solve the problem of model calibration. Two literature networks were used for the analyses: the network proposed by [1] and that proposed by [28] . The Walski's network (Fig. 1) consists of one tank, nine pipes, six demand nodes, three loops and one branch. The Greco and Di Cristo's network (Fig. 2) consists of four loops, two nodes of power, eleven nodes of delivery and sixteen pipelines. For each network matrices of pressure and flow were obtained, for both roughness variation in pipe and a demand variation at nodes, by discrete elements, steady-state condition and a random change of 10% of the roughness coefficient used as a prior.
Results
This method produces a list of sensitive nodes and pipes and a list of nodes and pipes that affect the hydraulic behaviour of the network ranked from best to worst, i.e., highest to lowest sensitivity. Best nodes and pipes can be used as measuring points for field data. The following tables report the results of analysis using a variation of roughness in pipes. Table 1 shows the results obtained for the Walski's network for a roughness variation based analysis, where the most sensitive node is NODE 1 (Table 1A ) and the most sensitive pipe is PIPE 8 (Table 1B) . Both nodes and PIPE 8 (Table 1C) affects the hydraulic behaviour of the network the most. Table 2 shows the results obtained for the Walski's network for a demand variation based analysis, where the most sensitive node is NODE 1 (Table 2A ) and the most sensitive pipe is PIPE 8 (Table 2B ) and the NODE 6 (Table 2C) affects the hydraulic behaviour of the network the most. For Greco and Di Cristo's network an analysis based on variation of 10% of the roughness coefficient with different base demand value was also carried out. The results are in Table 3 , which shows for different values of demand (Q, 0.5xQ and 0.7xQ), the most sensitive nodes. In particular, NODE 5 (Table 3A) and PIPE 1 affect the hydraulic behaviour of the network for a Demand Driven Analysis (Table 3B) . The results for a Pressure Driven Analysis are in Table 4 . The most sensitive pipe is PIPE 6 (Table 4A and B).
Real case study
Similar analyses were performed for the real network (Fig. 3) of the town of San Mango d'Aquino (CZ, Italy). The network (Fig. 3 ) consist of two sources/tanks, six loops, thirty-one demand nodes, thirty-nine pipes and one valve (flow control). For this network an analysis based on variation of 10% of the roughness coefficient with different base demand value was carried out. The results are in tables 5,6 and 7. Table 5 and 6 show the most sensitive nodes, NODE 30 (Table 5A ) and the most sensitive pipes, PIPE 4 (Table  6A ). PIPE 1 (Table 5B) is the most affecting the network hydraulic behaviour when a Pressure Driven Analysis is carried out, whereas PIPE 39 (Table 6B) is the most affecting the network hydraulic behaviour when a Demand Driven Analysis is carried out. As for the Greco and Di Cristo's network, an analysis with a different amount of base demand was performed and results are: 
Conclusions
In this paper a new method to solve the problem of sampling design with sensitivity analysis (D-optimality criteria based) of water networks is presented. In particular a new method of reading sensitivity matrices is introduced to find pipes and nodes that affect the hydraulic behaviour of the entire system. The method was verified on case studies including both literature networks and a real one, in order to determine which are the most sensitive nodes and pipes and which are nodes and pipes affecting the system versus variation of roughness in pipes and base demand in nodes. The network analyses were carried out with the Epanet model [29] for the literature networks proposed by [1] [28] and the real network of the town of San Mango d'Aquino (CZ, Italy). To check if the methodology obtains stable results about sensitive nodes and pipes, the sensitivity matrices were obtained with the results of networks analysis carried out under different initial conditions. The good quality of the results shows that the method is a good way in order to characterize the measuring points without a high computational cost.
